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Abstract
A global increase in invasive infections due to group A Streptococcus (S. pyogenes or
GAS) has been observed since the 1980s, associated with emergence of a clonal group of

strains of the M1T1 serotype. Among other virulence attributes, the M1T1 clone secretes

NAD+-glycohydrolase (NADase). When GAS binds to epithelial cells in vitro, NADase is

translocated into the cytosol in a process mediated by streptolysin O (SLO), and expression

of these two toxins is associated with enhanced GAS intracellular survival. Because SLO is

required for NADase translocation, it has been difficult to distinguish pathogenic effects of

NADase from those of SLO. To resolve the effects of the two proteins, we made use of

anthrax toxin as an alternative means to deliver NADase to host cells, independently of

SLO. We developed a novel method for purification of enzymatically active NADase fused

to an amino-terminal fragment of anthrax toxin lethal factor (LFn-NADase) that exploits the

avid, reversible binding of NADase to its endogenous inhibitor. LFn-NADase was translo-

cated across a synthetic lipid bilayer in vitro in the presence of anthrax toxin protective anti-

gen in a pH-dependent manner. Exposure of human oropharyngeal keratinocytes to LFn-

NADase in the presence of protective antigen resulted in cytosolic delivery of NADase activ-

ity, inhibition of protein synthesis, and cell death, whereas a similar construct of an enzymat-

ically inactive point mutant had no effect. Anthrax toxin-mediated delivery of NADase in an

amount comparable to that observed during in vitro infection with live GAS rescued the

defective intracellular survival of NADase-deficient GAS and increased the survival of SLO-

deficient GAS. Confocal microscopy demonstrated that delivery of LFn-NADase prevented

intracellular trafficking of NADase-deficient GAS to lysosomes. We conclude that NADase

mediates cytotoxicity and promotes intracellular survival of GAS in host cells.

Author Summary

Invasive infections due to group A Streptococcus (S. pyogenes or GAS) have become more
frequent since the 1980s due, in part, to the emergence and global spread of closely related
strains of the M1T1 serotype. A feature of this clonal group is the production of a secreted
enzyme, NAD+-glycohydrolase (NADase), which has been suggested to contribute to GAS
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virulence by intoxication of host cells. For NADase to exert its toxic effects, it must be
translocated into the host cell by a second GAS protein, streptolysin O (SLO). SLO is a
pore-forming toxin that damages cell membranes in addition to its role in translocating
NADase. In order to distinguish effects of NADase on host cell biology from those of SLO,
we used components of anthrax toxin to deliver NADase to human throat epithelial cells,
independently of SLO. Introduction of NADase into GAS-infected cells increased the
intracellular survival of GAS lacking NADase or SLO, and the increase in bacterial survival
correlated with inhibition of intracellular trafficking of GAS to lysosomes that mediate
bacterial killing. The results support an important role for NADase in enhancing GAS sur-
vival in human epithelial cells, a phenomenon that may contribute to GAS colonization
and disease.

Introduction
Since the 1980’s, there has been a sustained, worldwide increase in the incidence of severe,
invasive infections due to group A Streptococcus (Streptococcus pyogenes or GAS), particularly
necrotizing fasciitis and streptococcal toxic shock syndrome [1–3]. The reasons for the emer-
gence of invasive GAS disease are incompletely understood; however, a partial explanation
may be the global dissemination of a clonal group of strains of the M1T1 serotype. The invasive
M1T1 strains harbor bacteriophage-associated genes encoding such virulence factors as the
pyrogenic exotoxin SpeA and the secreted DNase Sda1 (also called SdaD2), both of which have
been associated with GAS pathogenicity in model systems. In addition, these strains secrete
NAD+-glycohydrolase (NADase), a property that generally was not present among M1 strains
isolated prior to 1988 [4–6]. NADase is encoded by nga, which is located in an operon together
with ifs, encoding an intracellular inhibitor that dissociates from NADase upon NADase secre-
tion, and slo encoding the cholesterol-dependent cytolysin/hemolysin, streptolysin O (SLO)
[4,7–9]. Genomic analyses of multiple M1 isolates from the past century indicate that the inva-
sive M1T1 strain acquired a 36-kb chromosomal region that includes the nga and slo genes
prior to emergence of this strain in the 1980s [10–12]. The association of NADase activity with
contemporary invasive M1T1 isolates has suggested that production of the enzyme might con-
tribute to virulence.

Physical association of NADase with hemolytic activity in GAS culture supernatants led to
early misidentification of NADase and SLO as a single protein, although subsequent studies
clearly separated the two [13–15]. A new paradigm for the interaction of NADase and SLO was
proposed by Madden et al., who found that NADase could be translocated into the cytosol of
epithelial cells in vitro after its secretion from GAS bound to the cell surface [16]. Translocation
required the concomitant expression of SLO, which suggested a model in which NADase associ-
ates with SLO on the epithelial cell surface and is transferred across the cell membrane in a pro-
cess dependent on SLO. These and subsequent studies provided evidence that SLO-mediated
delivery of NADase augmented the cytotoxic effect of SLO and induced epithelial cell apoptosis
[16,17]. NADase-deficient mutants were found to have reduced virulence in mice compared to
wild type GAS, supporting a role of the enzyme in pathogenesis of invasive infection [18,19].

The exposure of human oropharyngeal keratinocytes to GAS that produce both SLO and
NADase, but not to those producing SLO alone, results in depletion of intracellular NAD+ and
ATP. This finding is consistent with the enzymatic function of NADase to hydrolyze cellular
NAD+ to nicotinamide and adenosine diphosphoribose and, secondarily, to deplete cellular
ATP [20]. In previously published work, we used isogenic mutants deficient in SLO or NADase
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to study the role of each toxin in enhancing intracellular survival of GAS. These studies
revealed that NADase-deficient GAS are more efficiently killed after internalization by kerati-
nocytes compared to SLO+NADase+ GAS [21]. The increased survival of NADase-producing
strains is associated with failure of GAS-containing vacuoles to fuse with lysosomes to form an
acidic, bactericidal compartment [21]. While these observations have suggested a role for
NADase in GAS pathogenesis, prior studies have been limited in their capacity to distinguish
effects of NADase from those of SLO, since SLO is itself a cytotoxin and is required to deliver
NADase to host cells. The goal of the present investigation was to distinguish effects of NADase
from those of SLO during interaction of GAS with human epithelial cells. To this end, we
developed a system that delivers NADase to the cytosol of host cells independently of SLO. Uti-
lizing the anthrax toxin platform to deliver enzymatically active or inactive forms of recombi-
nant NADase to cells infected with various GAS strains, we have obtained direct evidence that
the catalytic activity of NADase is a critical effector of GAS intracellular trafficking and intra-
cellular survival.

Anthrax toxin, the major virulence factor of Bacillus anthracis, is an A-B type toxin com-
posed of the catalytic moieties, lethal factor (LF) and edema factor (EF), and the receptor bind-
ing/pore forming protective antigen (PA; MW 83 kDa). Upon release by the bacteria, PA83

binds to its cellular receptors and is cleaved by cell surface furin to a 63 kDa form (PA63),
which then self-assembles to form a heptameric or octameric prepore [22–24]. The prepore
binds the enzymatic LF and/or EF moieties to form complexes that are subsequently endocy-
tosed [25,26]. The low pH of the endosome causes the PA prepore to undergo a conformational
change into the pore form, which inserts into the endosomal membrane and translocates the
catalytic LF and EF moieties into the cytoplasm [27–29].

The intrinsic activity of the anthrax toxin system for intracellular delivery of its catalytic
components can be harnessed to translocate heterologous proteins into the cytosol of its target
cells. Fusing the non-catalytic N-terminal PA-binding domain of LF (LFn, residues 1 to 263))
[30] to any of a variety of unrelated “cargo” proteins enables them to undergo PA-dependent
translocation to the cytosol. Examples include a cytotoxic T lymphocyte epitope from Listeria
monocytogenes, the gp120 portion of the HIV-1 envelope protein, and the activity domains of
Pseudomonas exotoxin, diphtheria toxin, or shiga toxin [31–35]. In the current study, we fused
LFn to NADase or its variants and utilized the anthrax toxin platform to deliver enzymatically
active or inactive forms of the enzyme to human oropharyngeal keratinocytes independently of
SLO. Results of in vitro infection experiments utilizing this system provide direct evidence that
the enzymatic activity of NADase is a critical effector of GAS intracellular trafficking and
survival.

Results

A novel expression and purification protocol yields enzymatically active
NADase alone and fused to anthrax toxin lethal factor N-terminal domain
(LFn)
Functional analysis of GAS NADase has been complicated by the necessity to co-express its
endogenous inhibitor IFS (Immunity Factor for Streptococcal NADase) to prevent toxicity to
the cell that produces the active enzyme [8,9]. IFS must be removed for NADase to be enzymat-
ically active. Previously, expression and purification of NADase in E. coli was achieved by
directing secretion of recombinant NADase to the periplasmic space, allowing IFS to remain in
the cytosol [9,36]. In our hands, the yield was low with this approach, and a portion of IFS
remained in the NADase-containing fraction, presumably due to incomplete exclusion of cyto-
solic proteins in the periplasmic preparation.
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In order to produce sufficient quantities of NADase free of IFS, we developed a novel
scheme for expression and purification. Because initial experiments indicated low expression
levels of NADase and its fusion constructs, the nga and ifs gene sequences were codon-opti-
mized for expression in E. coli. We then exploited the high-affinity binding of IFS to NADase
to purify native and variant forms of the enzyme and various fusion constructs using His6-
tagged IFS (S1 Fig). In the first step, we purified the NADase-IFS-His6 complex, which bound
to a Ni-charged resin. His6-tagged IFS was then released from untagged NADase by denaturing
the two proteins with guanidinium chloride. A second round of affinity chromatography was
used to separate His6-tagged IFS, which was retained by the Ni column, from untagged
NADase in the flow through fraction. NADase was then refolded slowly by removal of guanidi-
nium chloride by dialysis. High protein purity was achieved by Q column purification of pro-
teins after the first Ni column affinity purification, and then again after renaturation of IFS-
free NADase constructs. Each of the purified recombinant proteins migrated predominantly as
a single band of the expected molecular size on SDS-PAGE (Fig 1A).

In addition to native NADase, two variant forms were expressed and purified, both as indi-
vidual proteins and as fusions to LFn. Variant 190NADase lacks the N-terminal 190 amino
acids required for SLO-dependent translocation of NADase [37]; NADaseG330D harbors a
point mutation that almost completely abrogates NAD-glycohydrolase activity [6,38,39]. Since
the protocol involved protein denaturation and renaturation, we confirmed that the purified
LFn-NADase, LFn-190NADase, and NADase proteins retained similar levels of NAD-glycohy-
drolase activity (Fig 1B). The Kcat value for LFn-NADase was estimated at 4200 reactions/sec,
which compares favorably with published estimates of 3700 and 8000 reactions/sec, deter-
mined for purified NADase using a highly sensitive HPLC-based assay [36,38]. LFn-

Fig 1. Purification and biochemical characterization of recombinant proteins. (A) Coomassie-stained SDS-PAGE of purified recombinant proteins.
Proteins LFn-NADase, LFn-190NADase, NADase, and 190NADase were released from IFS and purified using a novel protocol in which the proteins were
denatured, purified, and then refolded (Materials and Methods). (B) Recombinant LFn-NADase, LFn-190NADase, and NADase proteins had similar NADase
activities after renaturation.

doi:10.1371/journal.ppat.1005468.g001
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NADaseG330D and NADaseG330D lacked detectable catalytic activity. However, both LFn-
NADaseG330D and NADaseG330D were able to compete with NADase for binding of IFS
after renaturation (S2 Fig). We also analyzed the secondary structure of purified recombinant
NADaseG330D by circular dichroism spectroscopy and found nearly identical results as those
for purified recombinant (and enzymatically active) NADase (S2 Fig). Together, these analyses
provide evidence that renaturation of the enzymatically inactive variants LFn-NADaseG330D
and NADaseG330D restored the native conformations of the purified proteins.

LFn-NADase is translocated across PA pores in planar lipid bilayers
We tested the ability of LFn-NADase and its variants to interact with and translocate across
PA pores in planar bilayers in vitro as measured by ion conductance. Occlusion of pores in
DPhPC bilayers was monitored for 60 sec following addition of each recombinant protein
(final concentration 1 μg/ml) to the cis compartment. All of the constructs tested (LFn, LFn-
NADase, LFn-190NADase, LFn-NADaseG330D, and LFn-190NADaseG330D) blocked con-
ductance rapidly (within 20 sec) and almost completely (Fig 2A). Subsequently, translocation
was initiated by addition of KOH to the trans compartment to increase the pH to ~7.5. Trans-
location of free LFn and LFn-190NADase, as measured by return of ion conductance, was
rapid (within ~80 sec) and essentially complete (~80–90%) (Fig 2B). LFn-NADase took longer
(240 sec) to achieve comparable translocation. LFn-NADaseG330D and LFn-190NADa-
seG330D constructs were less efficiently translocated, with about ~60% translocation achieved
in 240 sec. Interestingly, addition of IFS to the cis compartment (final concentration 6 μg/ml)
before addition of KOH to the trans compartment prevented translocation of LFn-NADase
(Fig 2B). To test whether the binding of NADase to IFS prevents NADase unfolding, which is
necessary for translocation, we used differential scanning fluorimetry to measure the melting
temperature of NADase, IFS, and NADase-IFS complex. The melting temperatures were deter-
mined to be 43°C, 60°C and 76°C, respectively (S3 Fig). Thus, the tight binding of IFS increases
the Tm of NADase by more than 30°C, presumably preventing its unfolding, a required step for
the translocation of LFn-NADase across PA pores.

Delivery of NADase to the cytosol of human oropharyngeal
keratinocytes independently of SLO
Having determined that LFn-NADase could be translocated through PA pores in an artificial
membrane in vitro, we investigated whether PA pores could mediate delivery of LFn-NADase
into human oropharyngeal keratinocytes. We reasoned that NAD+-glycohydrolase activity of
LFn-NADase would deplete cellular energy stores resulting in inhibition of protein synthesis.
Accordingly, NADase and its variants were tested for PA-mediated translocation into OKP7
cells by measuring inhibition of cellular protein synthesis. In the presence of PA, LFn-NADase
and LFn-190NADase were efficiently translocated, with half-maximal inhibition of protein
synthesis observed at a LFn-NADase concentration of ~1 nM in the cell culture medium (Fig
2C). LFn-190NADase gave an almost identical result, a finding that implies the N-terminal
domain of NADase involved in SLO-mediated translocation is dispensable for delivery of the
enzyme by the anthrax toxin system. In the absence of PA, no LFn-NADase translocation was
observed (S4 Fig), and, as expected, NADase and 190NADase also did not translocate. Translo-
cation of the enzymatically inactive forms of NADase, LFn-NADaseG330D and LFn-
190NADaseG330D, did not inhibit cellular protein synthesis, even at concentrations up to
1,000 times that required for inhibition by LFn-NADase (Fig 2C).

A key determinant of translocation by PA is the phenylalanine clamp, a structure formed by
the F427 side chains within the lumen of the PA pore [40]. We tested LFn-NADase and LFn-
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190NADase for cytotoxicity in the presence of PA F427H, a mutant form of PA, which forms
pores that lack the ability to mediate translocation. The F427H mutation completely blocked
LFn-NADase translocation (Fig 2C), implying PA-mediated translocation is dependent on
interaction with the Phe clamp and occurs through the central pore.

Fig 2. Anthrax toxin-mediated translocation of NADase. (A) Kinetics of occlusion of PA pores in planar bilayers by LFn-NADase, LFn-190NADase,
LFnNADase G330D, and LFn-190NADase G330D. Interaction with PA channels was monitored by the decrease in conductance, which is plotted as fraction
of open PA channels. (B) Translocation of LFn-NADase, LFn-190NADase, LFn-NADase G330D and LFn-190NADase G330D proteins across PA channels
in planar bilayers. After complete occlusion of PA channels, KOH was added to the trans compartment raising the pH from 5.5 to 7.5, triggering translocation,
which is visualized by an increase in conductance and is plotted as fraction of open PA channels. (C) Inhibition of protein synthesis by PA-mediated
translocation of LFn-NADase or variants in OKP7 cells. Protein synthesis was assayed by incorporation of tritiated leucine and is plotted as the fraction of
activity in OKP7 cells in the absence of recombinant protein.

doi:10.1371/journal.ppat.1005468.g002
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NADase-mediated cytotoxicity is due to NAD+-glycohydrolase activity
It has been suggested that introduction of NADase into host cells exerts cytotoxic effects that
are independent of NAD+-glycohydrolase activity of the protein [38]. The anthrax toxin
delivery system enabled us to test this hypothesis in the absence of other GAS virulence fac-
tors. We found that exposure of OKP7 keratinocytes to LFn-NADase in the presence of PA
resulted in rounding, pyknosis, and uptake of propidium iodide indicating loss of cell viabil-
ity (Fig 3). Treatment with LFn-NADase resulted in 52% cell death as assessed by propidium
iodide staining. In addition, treatment with LFn-NADase caused significant cell loss when
compared to untreated cells, presumably due to cells becoming non-adherent upon loss of
viability. In contrast, identical exposure to enzymatically inactive LFn-NADaseG330D in the
presence of PA caused no cytotoxicity compared to untreated cells (1% cell death for each
condition). These results provide direct evidence that the cytotoxic effects of NADase are due
solely to its enzymatic activity.

PA-mediated translocation delivers LFn-NADase in an amount
comparable to that associated with exposure of cells to live GAS
Previous studies on the effects of NADase on epithelial cells have utilized model systems in
which cells are exposed to live GAS in vitro [17,21]. In order to compare effects of NADase
delivered by the anthrax toxin system with those associated with exposure to live GAS, we mea-
sured intracellular NAD-glycohydrolase activity under both conditions. Our goal was to deter-
mine the concentration of LFn-NADase to be added to OKP7 cells so that the subsequent PA-
mediated delivery would result in an intracellular NADase activity comparable to that achieved
by exposure to live GAS in prior studies. We found that addition of LFn-NADase to a concen-
tration of 10 nM achieved a level of NADase activity in the cytosol of the keratinocytes that
corresponded to approximately 50% of that associated with infection by NADase-producing
GAS strain 188 at an MOI of 10 (Fig 4, S5 Fig).

Fig 3. Cytotoxic effects of NADase depend on enzymatic activity. (A) Propidium iodide uptake (red) indicating cell membrane damage is superimposed
on bright field images of OKP7 cells exposed to LFn-NADase or (B) enzymatically inactive LFn-NADase G330D, both in the presence of anthrax toxin PA, or
(C) untreated control cells.

doi:10.1371/journal.ppat.1005468.g003

Streptococcal NADase in Intracellular Survival

PLOS Pathogens | DOI:10.1371/journal.ppat.1005468 March 3, 2016 7 / 21



Enzymatically active NADase rescues the defective intracellular survival
of NADase-deficient GAS
Infection of OKP7 cells with GAS is associated with survival of 10 to 15% of intracellular bacte-
ria, whereas fewer than 1% of GAS deficient in NADase activity survive intracellularly for 24
hours [21]. We reasoned that anthrax toxin-mediated delivery of exogenous NADase might
rescue intracellular GAS that did not produce enzymatically active NADase. We found that
addition of 10 nM LFn-NADase to OKP7 cells in the presence of 20 nM PA increased the intra-
cellular survival of GAS strain 188 G330D, which expresses enzymatically inactive NADase, by
14-fold, from 0.35% at 24 hours to 5% (Fig 5A). Thus, addition of exogenous NADase restored
intracellular GAS survival to an extent roughly commensurate with the amount of NADase
activity delivered to the cytosol of the host cell, i.e., approximately 50% of the activity associated
with infection of the cell by the parent strain, 188. Addition of 1 nM LFn-NADase had a lesser
and not statistically significant effect, increasing survival at 24 h of 188 G330D 2.5-fold to
0.9%. The ability of exogenously delivered NADase to restore intracellular GAS survival was
dependent on the catalytic activity of the protein: addition of LFn-NADaseG330D had no effect
on the 24-hour survival of GAS within OKP7 cells, even at 100 nM (Fig 5B).

The process of SLO-dependent translocation of NADase across the eukaryotic cell mem-
brane requires a 190-aa domain in the amino terminus of the NADase protein, a part of the
molecule that is dispensable for enzymatic activity [37]. As suggested by the protein synthesis
inhibition assays (Fig 2C), we found that LFn-190NADase could function in lieu of LFn-

Fig 4. Intracellular NADase activity during infection by GAS compared with that delivered by LFn-
NADase. Cells were exposed to GAS strain 188 or to anthrax toxin PA and LFn-NADase for 2 h, after which
cytosolic NADase activity was measured. Data represent the fraction of NAD+ substrate depleted by the
cytosolic fraction of treated cells. Experiments were performed 3 times, and results are shown as mean
±SEM.

doi:10.1371/journal.ppat.1005468.g004
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NADase to increase the intracellular survival of 188 G330D, albeit slightly less efficiently than
LFn-NADase (7-fold increase in survival versus 14-fold for LFn-NADase, Fig 5C). These
results imply that the catalytic domain of NADase plays a dominant role in the intracellular
survival of GAS. However, the small but reproducible improvement in survival imparted by
LFn-NADase compared to LFn-190NADase suggests that the N-terminal translocation
domain has an as-yet-unidentified function in enhancing intracellular survival.

Fig 5. Effect of anthrax toxin-mediated delivery of LFn-NADase or variants on the intracellular survival of GAS deficient in enzymatically active
NADase (188 G330D) or SLO (188 SLO-). Survival of intracellular GAS at the indicated time points is plotted as percent of CFU recovered at 2 hours of
infection. (A) Dose-dependent increase in survival of 188 G330D in the presence of LFn-NADase. (B) Increase in survival of 188 G330D in the presence of
LFn-NADase but not in the presence of enzymatically inactive LFn-NADase G330D. (C) Increase in survival of 188 G330D in the presence of either LFn-
NADase or LFn-190NADase, which lacks the N-terminal translocation domain. (D) Increase in survival of 188 SLO- in the presence of LFn-NADase. Values
represent mean±SEM of at least 3 independent experiments. *, P<0.05; **, P<0.01; ****, P<0.0001.

doi:10.1371/journal.ppat.1005468.g005

Streptococcal NADase in Intracellular Survival

PLOS Pathogens | DOI:10.1371/journal.ppat.1005468 March 3, 2016 9 / 21



Intracellular delivery of NADase enhances survival of SLO-deficient
GAS
The anthrax toxin delivery system allowed us to evaluate the contribution of NADase to GAS
intracellular survival in the absence of SLO. Because SLO is ordinarily required to translocate
NADase during GAS infection, it has not been possible previously to assess the role of NADase
on GAS intracellular survival independently of SLO. To address the discrete contribution of
each toxin, we added LFn-NADase and PA during infection of OKP7 cells with 188 SLO- and
assessed the effect on intracellular survival (Fig 5D). Delivery of LFn-NADase increased intra-
cellular survival of 188 SLO- by ~8 fold, from 0.25% to 2.0%. Thus, delivery of NADase pro-
longs the survival of both 188 G330D and 188 SLO- strains, results that imply both SLO and
NADase are required for maximum resistance to intracellular killing. The fact that SLO-inde-
pendent delivery of NADase partially corrects the survival defect of an SLO-deficient strain
indicates that the reduced survival of SLO- GAS is due in part to the absence of NADase deliv-
ery, but also that SLO possesses NADase-independent activities that contribute to the intracel-
lular survival of GAS. Thus, the synergistic action of SLO and NADase mediates optimal
intracellular survival.

NADase prevents trafficking of intracellular GAS to lysosomes for
efficient killing
Previous studies have implicated SLO and NADase in GAS resistance to killing by epithelial
cells. After internalization, SLO-deficient mutants are contained within endosomes or autop-
hagosomes that fuse with lysosomes, an event associated with acidification of the GAS-contain-
ing vacuole and efficient bacterial killing [21,41]. The anthrax toxin system allowed us to assess
directly the ability of NADase to interfere with fusion of the GAS-containing compartment
with lysosomes. We found that delivery of exogenous LFn-NADase to the cytosol of GAS-
infected OKP7 cells reduced the co-localization of 188 G330D with the lysosomal marker
LAMP-1 (Lysosomal–Associated Membrane Protein 1) by 4-fold, from 41% to 10% at 6 h of
infection (P<0.001, Fig 6). Delivery of LFn-NADase also inhibited trafficking of 188 SLO- to a
LAMP-1-positive compartment, reducing co-localization with LAMP-1 from 86% to 51%
(P<0.05). These findings correlate with the effects of LFn-NADase on the intracellular survival
of 188 G330D and 188 SLO- and provide direct evidence that NADase contributes to GAS
intracellular survival by interfering with lysosomal fusion to the GAS-containing vacuole.

Because the effect of LFn-NADase on endosomal trafficking was evident within the first few
hours of infection, it seemed likely that the survival of intracellular GAS was largely determined
during this time period. We found that a delay of only 2 hours in the addition of LFn-NADase to
cells infected with 188 G330D largely abrogated the 24-hour survival benefit of LFn-NADase
compared with that conferred by addition of the toxin at the time of initial infection (Fig 7). This
result is consistent with the finding that, in the absence of NADase expression, GAS are trafficked
to a degradative compartment by lysosomal fusion as early as 1 hour after infection (Fig 6).

Discussion
A role for NADase in the virulence of GAS was suggested by the association of NADase pro-
duction with M1T1 GAS isolates from invasive infections, beginning in the 1980s. Subsequent
studies by Caparon and coworkers established a compelling model for SLO-dependent translo-
cation of NADase into host cells, and intoxication of the cells was shown by our group to result
in depletion of cellular NAD+ and ATP [16,20]. Experiments with NADase-deficient mutants
supported a role for NADase in synergistic cytotoxicity with SLO, in induction of apoptosis,
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Fig 6. Effect of anthrax toxin-mediated delivery of LFn-NADase on intracellular trafficking of GAS. LFn-NADase inhibits trafficking of GAS deficient in
expression of enzymatically active NADase (188 G330D) or SLO (188 SLO-) to lysosomes. (Left panels) Data points indicate percent co-localization of
intracellular GAS with the lysosomal protein LAMP-1 as assessed by confocal microscopy at 1, 3, or 6 hours of infection of OKP7 cells in the absence or
presence of LFn-NADase. Values represent mean±SEM of at least 3 independent experiments. (Right panels) Representative confocal microscopy images
at 6 hours of infection. Intracellular GAS are labeled green (Alexa-488), extracellular GAS are labeled blue (Alexa-660) and green, and LAMP-1 is labeled red
(Alexa-568). Percent co-localization of GAS with LAMP-1 is indicated. Scale bar, 10 μm. (A) Infection with GAS strain 188; (B) Infection with GAS strain 188
G330D alone or with PA-mediated delivery of LFn-NADase; (C) Infection with GAS strain 188 SLO- alone or with PA-mediated delivery of LFn-NADase. *,
P<0.05; ***, P<0.001.

doi:10.1371/journal.ppat.1005468.g006
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and in enhancing intracellular survival of GAS internalized by epithelial cells [17,38]. However,
these functions of NADase during GAS infection have been inferred almost entirely from com-
parisons with mutants that lacked NADase or produced an enzymatically defective protein.
The requirement of SLO for translocation of NADase has made it difficult to analyze the bio-
logical effects of NADase separately from those of SLO, which is required for NADase delivery,
but which also has intrinsic cytotoxicity due to its pore-forming activity. An additional level of
experimental complexity arises from the tightly bound endogenous inhibitor of NADase, IFS,
whose co-expression is required for NADase production, but which must be removed to
restore enzymatic activity.

In the current study, the anthrax toxin system provided a tractable platform to deliver enzy-
matically active, highly purified, IFS-free NADase or variant forms to the cytosol of human
oropharyngeal keratinocytes. This system permitted direct investigation of the function of
NADase in the cell biology of GAS infection, independent of the effects of SLO. We found that
SLO-independent cytosolic delivery of LFn-NADase inhibited protein synthesis in oropharyn-
geal keratinocytes in a dose-dependent manner (Fig 2C). Nearly identical inhibition was
observed upon delivery of LFn-190NADase, which lacks the N-terminal domain of NADase
required for SLO-mediated translocation, but preserves the catalytic domain. By contrast, LFn-
NADase G330D, an enzymatically inactive variant, had no inhibitory effect, even at high doses.
Consistent with these results, sufficient doses of NADase delivered by the anthrax toxin system
resulted in cytotoxicity and cell death that was dependent on the catalytic activity of the protein
(Fig 3). These results support the view that the intrinsic cytotoxic activity of NADase on
eukaryotic cells depends on the enzymatic activity of the toxin. Depletion of cellular NAD+ and
ATP is expected to have a broad range of inhibitory effects on cellular functions. It remains
possible that the synergistic toxicity of NADase with SLO also involves a second, non-enzy-
matic mechanism, as suggested by Chandrasekaran et al, although the molecular basis for such
an effect has not been determined [38].

Previous studies found that SLO was required for prolonged GAS intracellular survival in
keratinocytes [21,41]. Shortly after bacterial internalization, GAS production of SLO results in
damage to the endosomal membrane, which exposes the bacteria to the cytosol where they
become ubiquitinated. Ubiquitin is a signal for targeting intra-cytosolic bacteria to

Fig 7. Intracellular survival of GAS 188 G330D following anthrax toxin-mediated delivery of LFn-
NADase at time 0h or at 2h of infection. Values represent mean±SEM of at least 3 independent
experiments. *, P<0.05.

doi:10.1371/journal.ppat.1005468.g007
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autophagosome-like compartments [21,42]. Fusion of lysosomes with these compartments
leads to their maturation into degradative autolysosomes and efficient bacterial killing. Autop-
hagosomes containing NADase-deficient GAS appear to follow this pathway; however, the step
of lysosomal fusion is impaired for autophagosomes containing NADase-producing GAS, and
this impairment is associated with enhanced intracellular survival [21]. The anthrax toxin sys-
tem allowed us to study directly whether NADase prevents lysosomal fusion with GAS-con-
taining vacuoles in infected cells. We found that cytosolic delivery of NADase inhibited the co-
localization of GAS 188 G330D (expressing an enzymatically inactive NADase) with the lyso-
somal marker LAMP-1 (Fig 6). Inhibition of lysosomal fusion was associated with a 14-fold
increase in intracellular survival to a level approaching that of the NADase-producing parent
strain. Delivery of enzymatically inactive NADase G330D had no effect on GAS intracellular
survival, supporting the essential role of enzymatic activity in enhancing intracellular survival.
In similar experiments, we tested the effect of NADase delivery on the intracellular survival of
the SLO-deficient GAS strain 188 SLO-. Supplying exogenous NADase partially rescued sur-
vival of 188 SLO-, a result that implies that SLO contributes to GAS intracellular survival in
part through delivery of NADase, but also through function(s), such as pore-formation, inde-
pendent of NADase translocation. These data are consistent with the observation that a GAS
strain producing a non-pore-forming SLO that is competent for NADase translocation (SLO
Y2552A) was defective for intracellular survival [21].

Results of these experiments provide the most direct evidence to date on the contribution of
NADase to the cell biology of GAS infection. Use of the anthrax toxin delivery system isolated
the effects of NADase from those of SLO and defined an unambiguous role for NADase in
cytotoxicity for host epithelial cells and in enhancing GAS intracellular survival. Both functions
were dependent on cytosolic delivery of NADase and on the enzymatic activity of the toxin to
degrade NAD+. Together, these findings provide a plausible molecular basis for the association
of NADase expression with GAS virulence.

Materials and Methods

Cell culture
The OKP7/bmi1/TERT (OKP7) keratinocytes used in this study are immortalized normal
human soft palate keratinocytes [43,44]. These cells were a gift of James Rheinwald and were
provided through the Harvard Skin Disease Research Center. OKP7 cells were cultured in kera-
tinocyte serum-free medium (KSFM, Gibco/Invitrogen) as described previously [41].

Bacterial strains and culture conditions
GAS strain 188 and its mutant derivatives were used in this study. GAS strain 188 is an isogenic
unencapsulated mutant of the M type 3 necrotizing fasciitis isolate 950771 [45]. Use of an
unencapsulated mutant allowed efficient internalization of GAS by human cells in vitro
because the hyaluronic acid capsule inhibits GAS internalization. Escherichia coli XL1-Blue
was used as a host for molecular cloning (NEB) and was grown in Luria-Bertani (LB) medium
(Novagen). GAS was grown in L3 medium as described with two modifications: the final CaCl2
concentration was 0.015% and type 1-S bovine hyaluronidase was omitted [46].

Cloning and mutagenesis
Generation of LFn-NADase-IFS constructs. The LFn-NADase-IFS-encoding construct was cre-
ated by first PCR-amplifying separately the LFn-encoding sequence [47] and the nga-ifs genes
from GAS genomic DNA. These amplicons were then used as templates for overlap PCR to
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generate the LFn-NADase-IFS-encoding DNA fragment, incorporating a BamHI restriction
site inserted between the LFn-encoding sequence and nga-ifs. This product was subsequently
cloned into pET43.1a vector (Invitrogen, Grand Island, NY) between the NdeI/XhoI restriction
sites such that the in-frame fusion construct generated a His6-tag at the C-terminus of IFS.

Protein expression from the LFn-NADase-IFS-encoding construct, named MRW001, was
insufficient for downstream studies. To improve expression, a DNA fragment encoding
NADase G330D-IFS (enzymatically inactive NADase and IFS) was codon-optimized for
expression in E. coli and synthesized by GENEWIZ, Inc (South Plainfield, NJ 07080). Codon-
optimized nga-ifs was generated by OuikChange site-directed mutagenesis (Agilent Technolo-
gies) of the codon-optimized NADase G330D-IFS-encoding construct. These two constructs
served as templates for PCR to generate DNA constructs encoding NADase, NADase G330D,
190NADase (aa 190–451), and 190NADase G330D using appropriate primers. Each of these
PCR products was cloned between the BamHI/XhoI restriction sites in MRW001, in place of
nga-ifs (S1 Fig).

Generation of NADase constructs. Codon-optimized DNA fragments encoding NADase,
NADase G330D, and 190NADase were amplified by PCR using appropriate primers and
cloned into the NdeI/XhoI restriction sites of pET43.1a to incorporate a C-terminal His6-tag
on the IFS protein.

Generation of IFS and LFn constructs. In the first step, DNA fragments encoding an N-ter-
minally His6-tagged Sumo protein, codon-optimized IFS, and LFn were amplified by PCR in
separate reactions [47,48]. These PCR products served as template for overlap PCR to generate
the His6-Sumo-IFS and His6-Sumo-LFn-encoding constructs, which were subsequently cloned
into the NdeI/XhoI restriction sites in the pET43.1a vector.

Expression and purification of recombinant proteins
Recombinant proteins used in this study are described in Table 1.

LFn-NADase, LFn-190NADase, NADase and their variants were expressed in BL21(DE3)
cells (Invitrogen) using IPTG induction. Proteins were initially purified using Ni-charged
metal affinity chromatography. Each partially purified protein preparation was loaded onto a
High Performance Q column (GE) in buffer A (20 mM Tris, pH 7.5), washed with buffer A,
and eluted with a gradient of 0 to 1 M NaCl in the same buffer. The proteins were then

Table 1. Recombinant proteins used in this study.

Construct Description Reference

LFn-NADase LFn (residues1-263 of LF) fused with NADase residues 38–451 This study

LFn-NADase
G330D

LFn (residues1-263 of LF) fused with NADase residues 38–451.
Residue 330 of NADase mutated from Gly to Asp

This study

LFn-190NADase LFn (residues1-263 of LF) fused with NADase residues 190–451 This study

LFn-190NADase
G330D

LFn (residues1-263 of LF) fused with NADase residues 190–451.
Residue 330 of NADase mutated from Gly to Asp

This study

NADase Full length active NADase (residues 38–451) This study

NADase G330D Residues 38–451 of NADase with residue 330 mutated from Gly to
Asp

This study

190NADase Residues 190–451 of NADase (“Catalytic domain”) This study

IFS Full length active immunity factor to NADase This study

LFn Residues 1–263 of LF This study

PA Full length functional PA [47]

PA F427H PA with Phe clamp mutation F427H [49]

doi:10.1371/journal.ppat.1005468.t001
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denatured in 6 M guanidinium chloride, pH 8.0, and the His-tagged IFS was removed from
untagged LFn-NADase proteins by Ni-charged metal affinity chromatography. The IFS-free
proteins were renatured by dialysis into buffer A containing 350 mMNaCl and 5 mMDTT.
The renatured proteins were subsequently dialyzed in buffer A containing 5 mMDTT. Finally,
the proteins were subjected to another round of Q column purification. Protein solutions were
filter sterilized and stored at -80°C.

LFn and IFS fused with N-terminally His6-tagged Sumo protein were overexpressed
using IPTG in BL21(DE3) cells (Invitrogen). The proteins were initially purified using Ni-
charged metal affinity chromatography. Sumo was removed by cleavage with Sumo protease,
and the reaction was monitored by SDS-PAGE. N-terminally His6-tagged Sumo and Sumo
protease were removed from the now untagged protein of interest using Ni-charged metal
affinity chromatography. DTT (5 mM) was added to the final protein eluate for NADase
constructs.

Recombinant wild type PA and PA F427H were overexpressed in the periplasm of E. coli
BL21 (DE3), purified by anion-exchange chromatography, and converted to the prepore form
of PA using a protocol published elsewhere [50].

Circular dichroism (CD) spectroscopy
NADase and NADaseG330D were dialyzed against 10 mM sodium phosphate, 0.5 mMDTT,
pH 8.0, and introduced at a concentration of 3.55 μM (determined by A280 measurements) into
a stoppered 0.1 cm quartz cuvette. Equal concentration of the two proteins was confirmed by
SDS-PAGE and Coomassie staining. CD spectra were measured in a JASCO J-815 Spectropo-
larimeter at 20°C from 185–260 nm in 0.5 nm steps with a 1 nm bandwidth. Five scans were
averaged and smoothed, a background buffer-only spectrum was subtracted, and the data for
the two protein species were plotted and overlayed to assess similarity.

Differential scanning fluorimetry
Differential scanning fluorimetry was used to calculate the melting temperature of NADase,
IFS, or NADase-IFS complex. A 10 μM solution of each protein was prepared in PBS contain-
ing 5X SYPRO Orange (Sigma), and the solution was dispensed in wells of a 96-well PCR plate.
The plate was subjected to a temperature scan from 10 to 93°C at a rate of 1°C min−1 in an ABI
Prism 7300 real time PCR instrument (Applied Biosystems/Invitrogen) using an excitation
wavelength of 492 nm; fluorescence emission was recorded at 610 nm. Fluorescence emission
of SYPRO Orange in aqueous solution increases upon binding to hydrophobic regions of pro-
teins exposed by temperature-induced protein unfolding. The peak of the curve of the first
derivative of the measured fluorescence intensity, plotted as a function of temperature, repre-
sents the melting temperature of the protein.

Determination of NADase activity of recombinant proteins
NADase activity of the recombinant proteins was determined as described (Bricker et al.,
2002). Briefly, two-fold serial dilutions of NADase, LFn-NADase, or LFn-190NADase were
incubated with 0.67 mMNAD+ for a period of 1 h at 37°C. The reaction was then terminated
by the addition of 2 M NaOH and the fluorescence of uncleaved NAD+ was allowed to develop
for 1 h, at which point the plates were read in a fluorimeter with excitation/emission wave-
lengths of 355nm/560nm. Samples without NADase served as controls. The results were
expressed as fraction of total NAD+ that was cleaved at a given NADase concentration.
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Assessment of IFS binding ability of enzymatically inactive variants of
LFn-NADase constructs
Thirty-five nM NADase was added to 17.5 nM, 35 nM and 70 nM of LFn-NADase G330D,
LFn-190NADase G330D and NADase G330D in a 96-well plate. Seventy nM IFS, sufficient to
completely inhibit enzymatic activity of 35 nM NADase, was then added to the wells. To this
mixture, 0.67 mMNAD+ was added and the reaction incubated for a period of 1 h at 37°C. The
reaction was then terminated by the addition of 2 M NaOH and the fluorescence of uncleaved
NAD+ was allowed to develop for 1 h at which point the plates were read in a fluorimeter with
excitation/emission wavelengths of 355nm/560nm. Samples without NADase served as con-
trols. The results were expressed as percentage inhibition of NADase activity. Complete cleav-
age of NAD was labeled as 0% inhibition of NADase activity and no cleavage was labeled as
100% inhibition of NADase activity.

Measurement of intracellular NADase activity
OKP7 cells were grown in 6-well dishes at 37°C in 5% CO2 to approximately 70% confluence
(~2x105 cells/well). Cells were washed and incubated in KSFM containing GAS at a multiplicity
of infection (MOI) of 10 unless otherwise indicated or supplemented with 20 nM PA and LFn-
NADase at 10−8, 10−9, or 10−10 M for 2 h. A control lacking PA protein was also included. Fif-
teen min prior to harvesting cells, clindamycin (10 μg/ml) was added to prevent NADase pro-
duction by GAS during sample processing. For intracellular NADase measurements, cells were
washed, trypsinized, and permeabilized by incubation in PBS containing saponin (0.005% w/v)
and protease inhibitors for 20 min at 37°C. Cells were removed by centrifugation for 2 min at
maximum speed on a bench-top centrifuge and the supernatant containing cytosolic material
was passed through a 0.2 μm filter. This filtrate, the cytosolic fraction, was kept on ice until
NADase measurement. NADase activity was determined as previously described [17]. Experi-
ments were performed three times. Intracellular activity was represented as the percentage
NAD+ substrate depletion.

Planar lipid bilayer experiments
Planar phospholipid bilayer experiments were performed in a Warner Instruments Planar
Lipid Bilayer Workstation (BC 525D, Hamden, CT). Planar bilayers were formed by painting a
35 mM solution of 1,2-diphytanoyl-sn-glycerol-3-phosphocholine (DPhPC) in n-decane
(Avanti Polar Lipids, Alabaster, AL) on a 200 μm aperture of a Delrin cup in a Lucite chamber.
The aperture separated two compartments, each containing one ml of 100 mM KCl, 1 mM eth-
ylenediaminetetraacetic acid (EDTA), and 10 mM each of sodium oxalate, potassium phos-
phate, and 2-(N-morpholino)ethanesulfonic acid (MES), pH 5.5. Both compartments were
stirred continuously.

Upon formation of a bilayer membrane, up to 5 μg PA prepore (25 pM) was added to the cis
compartment in the presence of a constant voltage of +20 mV with respect to the trans com-
partment. After incorporation of PA pores as monitored by conductance across the membrane,
the cis compartment was perfused to remove any free PA. Once the current had stabilized, 1 μg
of LFn-NADase or a variant was added to the cis compartment, and interaction with PA chan-
nels was monitored by the decrease in conductance. After occlusion of PA pores had reached a
steady state, excess LFn-NADase was removed by perfusion of the cis chamber. KOH was then
added to the trans compartment to raise the pH of the buffer to 7.5. An increase in conduc-
tance indicated that the pH gradient between the cis and trans compartment had triggered the
translocation of LFn-NADase across the PA pore into the trans compartment.
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Protein synthesis inhibition assay
OKP7 cells were plated in a 96-well plate at a density of 104 cells/well approximately 40 h prior
to the protein synthesis inhibition assay. PA (20 nM) and LFn-NADase diluted in KSFM were
added to the plates. The plates were then incubated at 37°C for 24 h, after which toxin-contain-
ing medium was removed and was replaced with L-Leucine-deficient F-12 medium supple-
mented with L-[4, 5-3H] Leucine (Perkin Elmer). The plates were incubated for 1 h at 37°C.
Next, the plates were washed with ice-cold PBS, liquid scintillation cocktail was added, and
incorporation of radioactivity in the cells was measured in a scintillation counter. Results were
normalized and expressed as a fraction of the radioactivity incorporated in OKP7 cells that
were not treated with toxin.

Intracellular survival assay
OKP7 cells were infected at an MOI of 10 with GAS that had been grown to exponential phase
(A600nm~0.25) and washed twice in KSFM. When appropriate, PA (20 nM) and LFn-NADase
(1 nM or 0.1 nM) were added to the cells at the time of infection. Infected cell monolayers were
treated with 20 μg/ml penicillin G and 200 μg/ml gentamicin for 45 minutes beginning 1 h 15
min post-infection. At 2 h post-infection, viable intracellular bacteria were quantified as
described previously [51]. To determine intracellular survival at later time points, infected
monolayers were washed at 2 h post-infection and fresh medium containing penicillin G (1 μg/
ml), but not PA or LFn-NADase, was added. Infected monolayers were incubated for 4 h or 24
h post-infection, at which times the total intracellular CFU were determined as above.

Confocal microscopy
OKP7 cells were cultured on coverslips in 24-well plates. Cells were infected with GAS as
described above except that antibiotics were omitted to prevent cellular uptake of non-viable
bacteria. Instead, extracellular bacteria were removed by extensively washing the cells with PBS
at 2 h post infection, after which the cells were incubated in fresh KSFM. Infected cells were
processed 1 h, 3 h, or 6 h post-infection. At each of these time points, monolayers were washed
three times with PBS and extracellular GAS were stained with Alexa Fluor 660-conjugated
anti-GAS IgG at 4°C for 15 min in the dark. Excess unbound antibody was removed by wash-
ing with PBS. Subsequently, cells were fixed and permeabilized by incubation in ice-cold meth-
anol at −20°C for 5 min. Cells were then washed three times with PBS and incubated at room
temperature for 1 h with mouse anti-LAMP-1 IgG. After three washes in PBS, cells were incu-
bated for 1 h with goat anti-mouse Alexa Fluor 568-conjugated IgG and with Alexa Fluor
488-conjugated anti-GAS IgG at room temperature in the dark for 1 h. Slides were mounted
using Prolong Gold (Molecular Probes) and stored at room temperature in the dark for 16–24
h prior to imaging. Confocal microscopy was performed at the Harvard Digestive Diseases
Center core facility as previously described [51]. Images were acquired and analyzed using Sli-
debook 5 and Slidebook 6 (Intelligent Imaging Innovations, Denver, CO). For quantification,
co-localization of intracellular bacteria with LAMP-1 marker was determined from three inde-
pendent experiments. Images were evaluated by an observer who was blind to the experimental
conditions. At least 100 intracellular bacteria were scored for each experiment.

Cytotoxicity assays
OKP7 cells were cultured on coverslips in 24-well plates and grown to 40–50% confluence.
Cells were then incubated with medium containing 20 nM PA and either 100 nM LFn-NADase
or 100 nM LFn-NADase G330D for a period of 48 h. Cells that were not treated with any toxin
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served as a negative control. Cells were then washed with PBS and incubated with 500 μl of
PBS containing 1 μg/ml propidium iodide for a period of 30 min at room temperature in the
dark. Cells were then visualized under a Nikon Eclipse TS100 fluorescence microscope with a
standard TRITC filter set (Ex 535/50, Em 610/75, DM 565) and images were acquired. For easy
visualization, images showing dead cells stained with propidium iodide were colored red and
merged with bright-field images showing the total number of cells (ImageJ software).

Statistical analysis
Significance of differences between experimental groups was assessed by Student’s t-test. P val-
ues of less than 0.05 were considered statistically significant.

Supporting Information
S1 Fig. Schematic diagrams of expression constructs for recombinant proteins prepared in
this study.
(PDF)

S2 Fig. Evidence that enzymatically inactive variants of NADase retain their native confor-
mations after purification. (A) Ability of enzymatically inactive variants of LFn-NADase to
compete for binding of NADase to IFS. Plots demonstrate dose-dependent inhibition of
NADase activity. Reactions contained 35 nM NADase, 70 nM IFS, and the indicated concen-
tration of inactive variant protein. (B) Circular dichroism spectra of NADase and NADa-
seG330D after purification and renaturation. The nearly identical spectra suggest similar
secondary structures.
(PDF)

S3 Fig. Increase in NADase melting temperature associated with binding of IFS. Plots rep-
resent melting curves of NADase, IFS, and NADase-IFS complex as determined by differential
scanning fluorimetry. The peak of the curve of the first derivative of the measured fluorescence
intensity, plotted as a function of temperature, represents the melting temperature of the pro-
tein.
(PDF)

S4 Fig. Dependence on PA of LFn-NADase translocation into OKP7 keratinocytes.Data
represent inhibition of protein synthesis by PA-mediated translocation of LFn-NADase in
OKP7 cells. Protein synthesis was assayed by incorporation of tritiated leucine and is plotted as
the fraction of activity in OKP7 cells in the absence of recombinant protein. Inhibition of pro-
tein synthesis by LFn-NADase or LFn-190NADase did not occur in the absence of PA, which
is required for LFn-mediated translocation.
(PDF)

S5 Fig. Intracellular delivery of NADase varies with multiplicity of infection. NADase activ-
ity was measured in the cytosolic fraction of OKP7 cell lysates after 2 hours exposure of OKP7
cells to GAS strain 188 at the indicated multiplicity of infection. Values represent mean±SEM
from three independent experiments.
(PDF)
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